Genome size variation in plants is thought to be correlated with cytological, physiological, or ecological characters. However, conclusions drawn in several studies were often contradictory. To analyze nuclear genome size evolution in a phylogenetic framework, DNA contents of 134 accessions, representing all but one species of the barley genus Hordeum L., were measured by flow cytometry. The 2C DNA contents were in a range from 6.85 to 10.67 pg in diploids (2n ¼ 14) and reached up to 29.85 pg in hexaploid species (2n ¼ 42). The smallest genomes were found in taxa from the New World, which became secondarily annual, whereas the largest diploid genomes occur in Eurasian annuals. Genome sizes of polyploid taxa equaled mostly the added sizes of their proposed progenitors or were slightly (1% to 5%) smaller. The analysis of ancestral genome sizes on the base of the phylogeny of the genus revealed lineages with decreasing and with increasing genome sizes. Correlations of intraspecific genome size variation with the length of vegetation period were found in H. marinum populations from Western Europe but were not significant within two species from South America. On a higher taxonomical level (i.e., for species groups or the entire genus), environmental correlations were absent. This could mostly be attributed to the superimposition of life-form changes and phylogenetic constraints, which conceal ecogeographical correlations.
Introduction
Since the 1950s, large differences in the nuclear DNA content of different organisms were detected (Swift 1950; Price, Chambers, and Bachmann 1981; Laurie and Bennett 1985; Ceccarelli, Falistocco, and Cionini 1992; Bennett and Leitch 1995) and drew the attention of scientists to possible explanations. Because no correlation with organismal complexity could be found, these differences were described as ''C value paradox'' (Thomas 1971) . During the following years, it became clear that not gene content, but the proportion of repetitive DNA, primarily influences nuclear DNA content (Flavell, Rimpau, and Smith 1977; Barakat, Carels, and Bernardi 1997) . Particularly retrotransposon copy numbers can vary to a large extent among genomes and contribute markedly to genome size differences found in plants (Arumuganathan and Earle 1991; Vicient et al. 1999; Kalendar et al. 2000) . The specific mode of retroelement mobilization, which transpose without excision, should, together with polyploidization, drive increase of genome size in plants. Because no comparably efficient mechanism of genome size reduction was identified, Bennetzen and Kellogg (1997) proposed the possibility of a ''one-way ticket'' to ''genomic obesity'' in plants. The rather large genomes of several derived groups of angiosperms (e.g., Liliaceae within monocots, Triticeae within grasses, and Santalales within eudicots) seemingly supported this hypothesis (Kellogg 1998; Leitch, Chase, and Bennett 1998) .
Analyses of genome size distribution in various organisms found correlations of genome sizes with cytological, physiological, and ecological characters (Goin, Goin, and Bachmann 1968; Bennett 1976 Bennett , 1987 Grime and Mowforth 1982; Jockusch 1997; Grime 1998; Ohri 1998; Gregory 2001 Gregory , 2002 Knight and Ackerly 2002) , even within single species (Price, Chambers, and Bachmann 1981; Laurie and Bennett 1985; Cullis and Clearly 1986; Bennett and Leitch 1995; Nevo 2001) . The conclusions drawn in these studies are often contradictory. In the light of intraspecific DNA content changes under different environmental conditions (Turpeinen, Kulmala, and Nevo 1999; Kalendar et al. 2000; Nevo 2001) , it seems questionable if analyses of genome size data in distantly related taxa are meaningful for the understanding of the mechanisms influencing genome size variation (Jockusch 1997) . Furthermore, some authors reported possible phylogenetic constraints of genome sizes (Cox et al. 1998; Wendel et al. 2002 ). An explicit phylogenetic view on grass genomes resulted in clear genome size differences among the monophyletic grass subfamilies (Kellogg 1998; Gaut 2002) , although for most groups, a considerable overlap of DNA contents existed. These studies analyzed, however, either variation on an intraspecific scale or variation among distantly related taxa, and the samples were often far from being representative for the groups. Data on genome size changes within clearly circumscribed plant groups that could fill the gap between analyses on the population level (Turpeinen, Kulmala, and Nevo 1999) and meta-analyses of entire plant families (Kellogg 1998) , floras (Grime and Mowforth 1982; Knight and Ackerly 2002) , life forms (Bennett and Leitch 1995) , or of the plant kingdom (Bennett 1987) are scarce.
The Triticeae genus Hordeum L. comprises 31 species (including barley), which occur under a wide variety of climates in Eurasia and the New World (von Bothmer et al. 1995; Blattner, in press ). Genome size of several Hordeum species and the contributions of BARE-1 retrotransposon activities to DNA content variation were analyzed by A. Schulman's group (Manninen and Schulman 1993; Kankanpää, Mannonen, and Schulman 1996; Suoniemi et al. 1996; Vicient et al. 1999; Kalendar et al. 2000) . Their interpretation of genome size data was impeded by the lack of reliable phylogenetic information on Hordeum and resulted in the conclusion that genome size is not correlated with phylogenetic relationships and that DNA content may change faster than speciation takes place (Kankanpää, Mannonen, and Schulman 1996) . Here, we report DNA content for 30 Hordeum species, determined by flow cytometry, and analyzed in a phylogenetic framework. We used these data to test for possible ecological and phylogenetical constraints, intraspecific genome size changes, and genome size evolution through time and to see how life form and polyploidization influenced DNA content variation in Hordeum.
Materials and Methods

Plant Material
Seeds from 134 accessions of 30 Hordeum species (46 taxa [table 1]) were germinated in petri dishes and then grown in pots containing standard soil in a greenhouse. This material belongs mostly to the Barley Core Collection (BCC [Knüpffer and van Hintum 2003] ), a reference collection of Hordeum species and lineages, complemented by our own material from Patagonia and Eurasia. Accession numbers, the origins of the plant material, and basic climate data of the collection sites are shown in table A in Supplementary Material online. Up to 30 mg of fresh leaf tissue was used for flow cytometry analysis. At least three individuals per accession and one to 10 accessions per species were measured. For a more detailed analysis of intraspecific genome size variation, we analyzed 10 accessions of H. marinum subsp. marinum from Western Europe and 13 accessions of H. pubiflorum and 33 accessions of H. lechleri from southern Argentina. In total, 394 samples were measured.
Genome Size Estimation
The preparation of nuclear suspensions and the determination of DNA content essentially followed the protocol given by Barow and Meister (2002, 2003) , using a FACStar Plus flow cytometer (Becton Dickinson, San José, Calif.) equipped with two argon lasers INNOVA 90-5 (Coherent, Palo Alto, Calif.) and the analysis program CellQuest. Usually 10,000 nuclei per sample were analyzed.
Nuclear DNA content was estimated as a ratio between the fluorescence of the nuclei of the samples stained with propidium iodide (excitation at 514 nm and emission at 630 nm) and internal standards. Pisum sativum cv. ''Viktoria, Kifejtö Borsó'' (IPK GenBank accession number PIS 630) with a 2C genome size of 9.09 pg (Doležel et al. 1998 ) was used as the primary standard. For diploid and hexaploid Hordeum species, we included Secale cereale (IPK GenBank accession number R 737) as standard. The 2C genome size of S. cereale was calculated as 16.8 pg with regard to P. sativum.
Data Analyses
The average genome sizes of the Hordeum taxa were correlated with their phylogenetic position in the genus ( fig. 1 ), as derived from the analysis of the nuclear rDNA internal transcribed spacer (ITS) region (Blattner, in press ). This study involved cloned ITS sequences from multiple accessions of all Hordeum species, analyzed with cladistic, phenetic, and model-based approaches. The results of these analyses were summarized with an Adams consensus tree approach (Swofford 1991) , integrating taxa with ambiguous clade affiliation in a polytomy at the last unambiguous branching point. Up to now, this is the only Hordeum phylogeny covering all diploid and polyploid species. The measured DNA contents of polyploids were compared with the sum of the genome sizes from their proposed parental species. Ancestral genome sizes within Hordeum were estimated for diploid lineages with the phylogenetic generalized least squares method (PGLS) in Compare version 4.4 (Martins 2003) . For this calculation, the polytomies in the tree had to be resolved into bifurcations by introducing minute branch lengths. This procedure results in more or less equal size estimations at this artificial branching point, as along short branches, nearly no size changes take place. Genome size values for the outgroups Psathyrostachys Nevski and Dasypyrum T. Durand were converted from Caceres et al. (1998) and Vogel, Arumuganathan, and Jensen (1999) . Age estimates for the Hordeum clades were taken from the ITS analysis by Blattner (in press), where a penalized likelihood approach was used to calculate the ages of internal nodes in the diploids' tree under an assumption of a split between wheat and barley about 13 MYA (Gaut 2002) .
For statistical analyses SPSS version 10.0 was used. The entire data set did not show normal distribution, but some data subsets were normally distributed. When normal distribution and homogeneity of variance were satisfied, we used the t-test or the unifactorial ANOVA Tukey-HSD test. For data lacking homogeneity of variance, we used Dunnett-T3, and for data without normal distribution, we used the nonparametric Mann-Withney U test. Correlations between diploid genome sizes and environmental parameters were tested with a bivariate correlation using Pearson's product moment correlation.
For all diploid accessions, and additionally for some polyploids, average monthly temperatures and precipitation were determined using the coordinates of the collection sites together with two climate data bases (CLIMATE DATABASE Version 2.1, W. Cramer, Potsdam Institute of Climatic Impact Research, and the internet-based compilation of B. Mühr, available under http://www.klimadiagramme.de/all.html) and data from Walter and Lieth (1960-1967) . The data were used to ascertain the respective local climate types according to Köppen (1923) , which, thus, reflect altitudinal as well as local geographical differences.
To reveal the influence of the factors phylogeny (represented by the Hordeum karyotype groups H1, H2, I, X a , and X u ), life form (annuals versus perennials), climate, and, ages of species, a three-way analysis of variance with covariate (ANCOVA) was applied to the data from diploid Hordeum species. According to Lindman (1974) , this is legitimate because the F-test is robust against deviations from normal distribution. Because some of the cells in the data scheme were empty, we analyzed only the main effects (no interaction effects, which are especially sensitive against missing combinations) and used model type IV of sums of squares, which is suitable for this situation. As the entire data set did not show homogeneity of variance, the level of significance was increased from 95% to 99% (Bühl and Zöfel 2000) . All karyotype groups used for ANCOVA were statistically supported by bootstrap values and Bayesian posterior probabilities in the phylogenetic data.
On an intraspecific scale along latitudinal transects of collection sites, the respective genome sizes were analyzed in H. marinum subsp. marinum, H. pubiflorum, and H. lechleri. Here we tested genome size variation against ecogeographical components such as the average growing season, summer temperature and precipitation (July and January, respectively), and geographical latitude. 
Results
Genome size measurements with flow cytometry revealed conspicuous variation among Hordeum species. Replicate measurements from individual Hordeum species were highly repeatable with a standard deviation of up to 4% of the measured genome size (table 1) . Here, we describe the results in the order of the phylogenetic relationships within the genus.
Genome Size in Extant Hordeum Species
The I-genome clade comprises the perennial species H. bulbosum, with its diploid (23) and tetraploid (43) forms, and the annual species H. vulgare subsp. vulgare (barley), along with its wild progenitor H. vulgare subsp. spontaneum. The 2C DNA contents in this group are in a range from 8.88 pg in diploid H. bulbosum to 10.67 pg in H. vulgare. In the autotetraploid H. bulbosum, the average 2C DNA content (17.3 pg) is slightly smaller than twice the genome size (17.76 pg) of the diploid form. However, within the two analyzed tetraploid accessions, we ascertained a difference of 0.66 pg, and the H. bulbosum accession from Greece nearly contains the expected DNA amount (17.63 pg) calculated on the base of the adjacent Italian diploid accession. The more easterly accession from Tajikistan had a smaller genome (16.97 pg).
The X u -genome clade consists only of the annual H. murinum, divided into three subspecies with varying ploidy levels from diploids to hexaploids (63). The polyploid forms of H. murinum (43 subspp. murinum, 19.68 pg, and leporinum, 19.2 pg; 63 subsp. leporinum, 29.85 pg) are proposed to be of either autoployploid or segmental allopolyploid origin (von Bothmer et al. 1995) . In all three polyploids, the respective tetraploid and hexaploid genome sizes are slightly larger than the corresponding multiple of the diploid subsp. glaucum (9.11 pg).
The X a -genome clade is the sister group of the large H clade. It consists only of the annual H. marinum, with the subspecies marinum (23) and gussoneanum (23 and 43). The difference in genome size between the two diploid subspecies (9.10 pg vs. 10.41 pg) is highly significant. The DNA content of the tetraploid subsp. gussoneanum (19.64 pg) is slightly larger than the sum of the genomes of its proposed diploid progenitors (19.51 pg).
The H-genome taxon group consists of 27 diploid, tetraploid, and hexaploid species, with annual or perennial life form ( fig. 1 ). 2C DNA amounts between the diploid Hordeum species differ by 1.42-fold, ranging from 6.85 pg in H. euclaston to 9.69 pg in H. roshevitzii. The group of FIG. 1.-Scheme of the nuclear rDNA internal transcribed spacer phylogeny of Hordeum (Blattner, in press) with average 2C genome size (in pg) of the species plotted to the right or below the taxon names. Diploid taxa were drawn directly to the branches of the tree, tetraploids and hexaploids are mapped to the right. Lines connect the taxon names with their respective parental species. Dots refer to annual life form of the respective species. Numbers along the branches depict posterior probabilities of the clades calculated by Bayesian inference. Bold numbers to the right give rough age estimations of the branching points. H, I, X a , and X u refer to genome composition of Hordeum species, for the H clade divided in the Asian (H1) and New World (H2) subgroups. The dashed line points to the second progenitor of H. depressum, possibly H. brachyantherum subsp. californicum (Salomon and Bothmer 1998), which was not found in the ITS analysis. Asterisk (*) indicates the DNA value of diploid H. brevisubulatum that was not measured but calculated from the polyploid accessions of this species. For H. guatemalense, no genome size value could be obtained. The genome size values of the hexaploid species consisting of three H genomes were in a range between 24.68 pg (H. arizonicum) and 27.18 pg (H. procerum). One ancestor of all South American hexaploids is tetraploid H. fuegianum or H. tetraploidum. The second parental genomes stem from different diploid species. In the case of H. procerum (27.18 pg), the parental DNA amounts are perfectly additive. In H. parodii (26.19 pg) and H. lechleri (26.31 pg) the expected values were slightly larger (26.5 and 26.7 pg, respectively) than the measured ones. Californian H. brachyantherum subsp. brachyantherum revealed a conspicuously larger genome size (28.9 pg) than the other hexaploids from the H-genome clade, which is consistent with the origin of this taxon by hybridization of tetraploid subsp. brachyantherum with H. marinum subsp. gussoneanum (23). The significantly smaller hexaploid genome of H. arizonicum resulted from the hybridization of the small-genome annual H. pusillum with H. jubatum.
Correlations of Phylogeny, Life Form, and Environmental Parameters with Genome Size
The ANCOVA confirmed the main impact of annual or perennial life form on genome size as well as the lesser, but also significant, influence of the phylogeny (''karyotype''). Climate types at the growing site and age of species had no significant effect on genome size variation in Hordeum (table 2) . Species, with both small and large genomes were found in very stressful, nearly arid climates or at high altitudes, as well as under moderate climatic conditions. The 2C values of the perennials range between 8.51 pg (H. flexuosum) and 9.69 pg (H. roshevitzii), revealing 1.14-fold differences, whereas in annual species, 1.55-fold size differences occur (H. euclaston, 6.85 pg versus H. vulgare, 10.67 pg). Perennials and annuals cooccur only in the H-karyotype and the I-karyotype groups. Within these two groups, life form contributes markedly to the explanation of genome size variation. In the New World H-genome clade, the annuals revealed significantly smaller genomes than the perennials (mean 7.00 pg vs. mean 9.27 pg; Mann-Withney U test, P , 0.001), whereas in the I-genome group, we found, conspicuously, the contrary. The annual species shows significant larger genome sizes than the perennial (10.67 pg vs. 8.88 pg; ttest, P , 0.001). This result clearly excludes life form as a single parameter determining genome size.
Intraspecific Genome Size Variation
Within species, genome size differences along a latitudinal transect was tested for H. marinum subsp. marinum in Western Europe. Ten populations of H. marinum subsp. marinum were analyzed, occurring over a geographical range of 128 latitude. Genome size data were contrasted with different ecogeographical factors such as the mean July temperature and mean July precipitation. A negative correlation (Pearson ¼ 20.862, P ¼ 0.001) between the mean genome size and the mean July temperature was found ( fig. 2) . A positive correlation with smaller significance value (P ¼ 0.027) was also assessed with mean July precipitation. Both parameters correlate reciprocally with northern latitude and influence markedly the length of the vegetation period for this annual species.
The same approach was used for H. pubiflorum (31 measurements of 13 populations) and H. lechleri (94 measurements of 33 populations) occurring over a geographical range of 128 latitude in South America. Instead of the mean January temperatures, which were not available for all collection sites, we used the southern latitudes as a rough estimation of the duration of vegetation period. We found no significant correlation between genome size variation and latitudinal distribution of the analyzed populations ( fig. 2 ).
Ancestral Genome Size Estimations
Ancestral genome sizes, calculated with PGLS on the base of diploid Hordeum species confirmed the observation that within Hordeum, increasing and decreasing DNA contents existed along the lineages leading to the extant species ( fig. 3) . The basal 2C genome size of the genus was calculated as 10.8 pg DNA, a value close to the 10.7 pg assumed for ancient Triticeae by Kellogg (1998) . The ancient DNA values steadily decreased in Hordeum and are significantly smaller in H. bulbosum, H. flexuosum, and the New World annuals than the initial Hordeum genome. Significant secondary genome size increase occurred in the lineage leading to H. marinum subsp. gussoneanum.
Discussion
Genome size analysis of 134 accessions (394 individuals) representing all but one Hordeum species revealed up to 1.55-fold 2C DNA amount differences, Kankanpää, Mannonen, and Schulman (1996) and generally compatible with Vogel, Arumuganathan, and Jensen (1999) , although some systematical differences were detected. Our 2C DNA values were always 1.1 to 1.6 pg higher than these reported by Kankanpää, Mannonen, and Schulman (1996) and 0.3 to 0.9 pg lower compared with Vogel, Arumuganathan, and Jensen (1999) . This clearly points to differences caused by the use of different internal DNA standards and/or fluorescent dyes, (i.e., DAPI versus propidium iodide [Doležel et al. 1998; Barow and Meister 2002] ). However, we analyzed all accessions with the same procedure and with at least three individuals per accession and usually multiple accessions per species. Thus, we are confident that our data are internally comparable.
Genome Size Changes in Relation to Phylogeny
The conspicuous size differences found in Hordeum are not evenly distributed within the genus, but are primarily related to specific phylogenetic groups ( fig. 1) . Whereas in four clades, here informally named after the genome groups (I, H1, X a , and X u ), the diploid 2C values were in a range between (8.88) 9.10 and 10.67 pg, only within the H2 subclade were genomes smaller than 8.8 pg found. The smallest genomes in this clade are restricted to three species that became secondarily annual, whereas the perennials vary between 8.51 and 9.61 pg. This correlation was also found in the polyploids, where the tetraploid annual H. depressum has about 2 pg less DNA than the smallest perennial taxon, and the hexaploid taxon with the smallest genome, H. arizonicum, is a perennial species that facultatively can also grow as a biennial or annual. As all three annual diploids are closely related and the annual polyploids include one of them as progenitor ( fig. 1) , it remains unclear if a smaller genome is a prerequisite for the annual life form or if both traits (ability for shorter generation time and the smaller genome) are inherited from a common ancestor. Because nearly 30 pg DNA per nucleus is compatible with the annual life habit of hexaploid H. murinum, simple phylogenetic constraints are probable. If phylogenetic relationships determine the genome size, only within close monophyletic groups should DNA contents show correlations to environmental parameters.
Genome Size Changes in Relation to Environmental Parameters
The narrowest monophyletic groups in our analyses were three intraspecific population samples. Hordeum marinum subsp. marinum was collected along a latitudinal transect in Western Europe, and H. pubiflorum and H. lechleri were colected over a comparable distance in Patagonia. Genome size analysis in the 10 H. marinum subsp. marinum populations revealed increasing genome sizes from south to north ( fig. 2) . Northern distribution here is linked with a prolonged vegetation period for these plants. This corroborates the results of Bennett (1987) , Reeves et al. (1998), and Turpeinen, Kulmala, and , who found positive correlations between the duration of vegetation period and genome size in plants. However, the genome sizes differ about 3.3% (0.30 pg) along our transect and thus are clearly different from the DNA values of H. marinum subsp. gussoneanum, where even in the southernmost populations the diploid genomes are more than 0.7 pg (8%) larger than in subsp. marinum. This indicates again that phylogenetic constraints, here depicted by taxonomic units, might be more important than ecological influences for genome sizes on a higher taxonomic level.
Within the South American species H. pubiflorum and H. lechleri, we found no correlations, neither with the climate types, with mean January temperatures, nor with increasing southern latitude. However, the assumption that for these species, southern latitude is directly correlated with vegetation period or other gradually changing ecoclimatic parameters may not be warranted. The rough landscape of Patagonia might present more complex local influences on plant habitats than expressed by the largescale climate parameters we have taken into account.
Although on the world scale, correlations between climate zones, that is, habitats at higher latitudes, and genome sizes of plants were found (Bennett 1976 (Bennett , 1987 Levin and Funderburg 1979; Grime and Mowforth 1982) , we could not confirm such a correlation among all species of the genus Hordeum. ANCOVA found no significant influence of local climate type for the explanation of genome size variation, which can be explained by the   FIG. 2. -Correlations of DNA content with ecogeographical parameters. DNA content versus mean July temperature in H. marinum subsp. marinum along a transect in Western Europe and DNA content versus latitudinal position of collection sites in H. pubiflorum and H. lechleri along a transect in southern South America. strong influence of phylogenetic relationships, concealing environmental correlations even among closely related taxa.
The Influence of Life Form on Genome Size Variation in Hordeum
Bennett and Leitch (1995) proposed that small genomes occur in annual taxa, whereas perennials could possess larger genomes. This correlation is well established for ephemeral species (Bennett 1972) . In Hordeum, life form contributes significantly to the explanation of the genome sizes (table 2) . However, the largest (H. vulgare) and the smallest (H. euclaston) diploid genomes were found in annuals. Whereas the annual species of the H2 clade seemingly support the conclusions of Bennett and Leitch (1995) , the annuals of the X a and X u clade have medium-sized to large genomes (9.1 to 10.41 pg DNA), and in the I-genome clade, the relation is inversed. The perennial H. bulbosum has a much smaller genome (8.88 pg) than its annual sister taxon H. vulgare. Thus, low DNA content is obviously no prerequisite for annuality in Hordeum.
Genome size differences among annuals are likewise not related to summer or winter annuality. In H. marinum, we found that subsp. marinum, which partly grows as a winter annual, has a significantly smaller genome than subsp. gussoneanum, which is exclusively a summer annual. This contradicts the hypothesis of Grime and Mowforth (1982) , who proposed that temporal detachment of cell proliferation and cell extension will allow larger genome sizes. Although analyses on the world scale seemingly support the fact that small genomes preferentially occur in annual species, among the evolutionarily more closely linked species of Hordeum, this ratio does not generally hold and is even inverted in the I-genome group.
Genome Size Evolution Through Time in Hordeum
Bennetzen and Kellogg (1997) proposed the possibility of ''genomic obesity'' in plants caused by polyploidization and the activity of retrotransposons, which should keep increasing the genome size. Our data and data by Wendel et al. (2002) provide information that plant genomes are capable of DNA gain and loss in closely related lineages. DNA loss seems to be the predominant process in Hordeum. Starting with the estimated diploid DNA amount of 10.8 pg (61.8) for ancestral Hordeum taxa, all extant species now have smaller genomes (fig. 3) . Ambiguities in the phylogenetic tree are restricted to the species relationships in the H2 clade. Topological changes in this part of the tree, however, do not change the estimation of the basal genome size and, thus, do not alter the general tendency of genome decrease in Hordeum. A significant secondary DNA content increase was found in H. marinum subsp. gussoneanum. Our data clearly indicate that a ''one-way ticket'' (Bennetzen and Kellogg 1997) for ever increasing genomes of plants does not exist. This result is not unexpected, as the analysis of Leitch, Chase, and Bennett (1998) proposed a small ancient angiosperm genome but also pointed out that several derived plant families have rather small genomes. Either genomic obesity, thus, would be found only in some lineages, possibly because of the loss of effective retroelement suppression, or mechanisms to jettison superfluous DNA are necessary. These mechanisms are not well understood in plants up to now. However, the biased DNA loss in Arabidopsis compared with tobacco during DNA double-strand break repair (Kirik, Salomon, and Puchta 2000; Orel and Puchta 2003) and unequal intrastrand recombination (Petrov 1997 (Petrov , 2001 Shirasu et al. 2000) indicate that possible mechanisms exist. Our analysis defines taxa that can be used to study these molecular mechanisms of genome size variation (Bennetzen 2002; Gregory 2003) , as genome size changes in Hordeum can be traced in a phylogenetic framework.
Constancy of Genome Sizes Within Hordeum Species
The measurement of genome size in diploids revealed low intraspecific genome size variation (;3%) among individuals and accessions from single species. Furthermore, the genome size of several polyploid species were nearly the added values of their progenitors. This holds particularly true for evolutionarily very young taxa, such as, for example, hexaploid H. brachyantherum, that originated during the past 200 years, after H. marinum was introduced to California, but also in H. arizonicum, H. procerum, H. marinum, and the western accessions of H. bulbosum. Differences between the summed genome sizes of the proposed progenitors and the polyploids indicate FIG. 3.-Genome size evolution in diploid Hordeum species as inferred from extant genome size (average value/standard error) by PGLS. Ancient 2C genome size estimations (in pg) are given above the branches, the standard errors are given below. Asterisk (*) indicates genome sizes taken either from the literature (outgroups) or calculated from polyploid species. In these cases, the standard error values were increased to account for uncertainties in conversion of the data. Dashed lines in the tree indicate positions were the polytomies of the ITS tree were resolved in bifurcations by the introduction of short branch lengths for PGLS calculations of ancient genome sizes. mostly a loss of about 0.5 pg DNA. Only in the closely related species H. secalinum and H. capense (10.5 pg) and in the putative autopolyploid H. murinum subsp. murinum (11.5 pg), larger than additive genomes were found ( fig. 1 ). This could be either because of a larger genome in a parental taxon of these species or because DNA proliferation occurred in these lineages. These would, however, be the only cases in Hordeum where genome size increases instead of decreases after a polyploidization event. Constancy of genome size was also found in cases where we compared accessions grown for several generations ex situ with material collected directly from the wild. Many analyzed species were derived from germ plasm collections and, thus, underwent several cycles of propagation in cultivation. Comparisons of their genome size with the values derived from wild material of the same species resulted in values that all fell in the range of the natural intraspecific variation of the respective taxa. For newly collected plant material (.50 accessions) from Patagonia, we were even able to correctly predict the species affiliation of young seedlings, knowing their genome size and their geographical location. The constancy of DNA amounts in Hordeum species clearly contradicts the proposed fast intraspecific changes of genome size (Bennett and Bennett 1992; Kankanpää, Mannonen, and Schulman 1996; Price, Morgan, and Johnston 1998) but supports the view of genome sizes being fairly stable when a narrow species concept is used (Greilhuber 1988; Ohri 1998) .
As intraspecific genome size changes were usually continuous, discontinuous changes were associated with (sub)species boundaries. If pronounced genome size changes occur preferentially during or after speciation, we would expect the largest differences in clades with high species numbers. This correlation was found for all clades of diploid Hordeum species (fig. 4) , where particularly the H2 clade (13 diploid species) shows the largest (1.4-fold) genome size difference. However, we also found clear differences in the I-genome clade where only two species differ 1.2-fold. Within the I-genome clade, the oldest split between two single species in Hordeum occurs, representing about 7 Myr of independent evolution ( fig. 1) . Thus, time can also play a role in shaping genome size, although in the rapidly speciating groups, larger genome differences originated in shorter time (2 Myr in the H2 clade).
ANCOVA accordingly showed that ''age of species'' explained few of the genome size differences. The low and uneven coverage of genome size values of angiosperms (Bennett 1998a) does not allow safe assertion about the relationship between taxonomically highly structured clades (i.e., comprising many species, genera, and tribes) and genome size variation. Nevertheless, in the analysis by Leitch, Chase, and Bennett (1998) , ratios higher than 50:1 between maximum and minimum DNA amounts in angiosperm families were only found in Poaceae (104:1), Fabaceae (73:1), Iridaceae (66:1), Asteraceae (62:1), and Orchidaceae (57:1), which are all relatively species-rich families. Genome size changes during or shortly after speciation events would also be consistent with an often reduced effective population size in newly arising species, promoting rapid fixation of genome size changes (Lynch and Conery 2003) .
Our analysis of genome sizes in Hordeum species resulted in the paradoxical phenomenon that although meta-analyses of thousands of DNA values in angiosperms found correlations and trends in genome sizes with ecogeographical, physiological, and life history parameters (Bennett 1998b) , these relationships could not be reliably established in the analysis of this one genus. For nearly all parameters proposed to influence genome sizes, we found examples in Hordeum that support these correlations but always with at least some exceptions. Thus, neither the knowledge of a species' life form, its ecogeographical distribution, nor its phylogenetic relationship allows a prediction of its genome size. Overlapping patterns of all three parameters influence the genomic composition of Hordeum species. However, the knowledge of these parameters allows safer posteriori interpretations of the observed DNA value patterns. Both earlier works reporting a certain number of genome size values for Hordeum species (Kankanpää, Mannonen, and Schulman 1996; Vogel, Arumuganathan, and Jensen 1999) struggled with the interpretation of the results. Kankanpää, Mannonen, and Schulman (1996) found no clear environmental or evolutionary patterns influencing genome size variation in Hordeum. However, they did not take into account life form as a third important parameter and argued on the basis of the wrong assumption that currently accepted sections in Hordeum represented natural phylogenetic groups. Moreover, the only hexaploid accession in their analysis seems, in the light of our data, clearly to be a misidentified tetraploid H. murinum. Vogel, Arumuganathan, and Jensen (1999) , in an attempt to determine basic genome size values in Triticeae, included H. bulbosum in the H-genome taxa but excluded the respective annual species. Thus, their sample was not representative for the Hordeum H genomes and might also not be representative for the H genomes included in the heterogenomic Triticeae genera. As we have shown in H. depressum and H. arizonicum, the inclusion of an annual H genome in allopolyploids results in significantly smaller genome sizes compared with polyploids derived from perennial H-genome species, only. This can explain the smaller than expected 2C values of, for example, Elymus L. species with StH genome combinations (Vogel, Arumuganathan, and Jensen 1999) .   FIG. 4. -Correlation of the taxon number per clade with the percentage genome size differences within these clades for all diploid Hordeum taxa. The clades used in this calculation (I, X a , H1, H2, H, H1X a , I1X u , and I1X u 1X a 1H) were chosen to represent monophyletic units according to figure 1.
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To conclude, we can point out that although plant genome sizes might respond reasonably predictably to environmental parameters at the population level (Nevo 2001) , with increasing taxonomic distance and on higher taxonomic levels, predictability rapidly diminishes through interacting influences of phylogenetic constraints, life form changes, and possibly also the number of speciation events occurring along the specific lineages of the analyzed plants. Correlations found in meta-analyses, therefore, represent trends that cannot be generalized and might even be inverted when looking into specific plant groups.
Supplementary Material
A table listing all 134 Hordeum accessions, their origins, climate data, and the measured genome size is available as Supplementary Material online linked to this article on the M.B.E. home page (http://mbe.oupjournals. org/).
